The ghost crab Ocypode ceratophthalma (Pallas) creates burrows of variety shapes at different ages. Juveniles (mean carapace length 11 mm) produced shallow J-shaped burrows, which incline vertically into the substratum (mean depth 160 mm). Larger crabs (17-25 mm carapace length) have Y-shaped and spiral burrows (mean depth 361 mm). These Y-shaped burrows have a primary arm, which extends to the surface forming the opening, and a secondary arm which terminates in a blind spherical ending. The two arms join in a single shaft and end with a chamber at the base. The secondary arms and chambers are believed to be used for mating or as a refuge from predation. The spiral burrows have spiral single channel ending in a chamber. Older crabs (mean carapace length 32.6 mm) had simple, straight single tube burrows, which inclined into the substratum at mean of 73°and had a mean depth of 320 mm. During summer daytime periods, the burrows shelter the crabs from heat and desiccation stress. The sand surface temperature at the burrow opening was $48°C but temperatures inside the burrows can drop to 32°C at a depth of 250 mm. Variation in the burrow architecture with crab age appears to be related to the crab's behaviour. Juvenile crabs have smaller gill areas and move out of the burrows regularly to renew their respiratory water and, as a result, they do not need a deep burrow. Larger crabs, in contrast, can tolerate prolonged periods without renewing their respiratory water and therefore create deeper and more complex burrows for mating and refuges.
Introduction
Ghost crabs, Ocypode species, are common on sub-tropical to tropical sandy shores. Ocypode are nocturnal hiding in burrows during the daytime and coming out to feed on animals and plant materials at night (Weinstern, 1995) . The burrow openings of ghost crabs are circular with accumulated sand mounds and are often surrounded by radiating feeding lines left by the crabs (Takahashi, 1932; Chakrabarti, 1981; Fig. 1b and c) . Ghost crabs use their burrows as refuges from physical stresses during daytime and also from predators such as shore birds (Chakrabarti, 1981) . The density of ghost crabs can be reduced by human disturbance and the burrow density of ghost crabs has been proposed as an indicator of recreational impacts on sandy shores (Barros, 2001) .
Ghost crab burrows can modify the complexity of sandy shores and play an important role in affecting their productivity and physical environment. Studies on the burrow morphology of ghost crabs are, however, scarce when compared to studies of their behaviour and physiology. Previous studies on ghost crab burrows have shown that their architecture can vary between different tidal levels and shore slopes. In India, the ghost crab Ocypode ceratophthalma have several types of burrows including J-, U-and Y-shaped burrows and different types of burrows were reported to exist in different tidal zones on sandy shores (Chakrabarti, 1981) . Similar patterns were also reported in the ghost crab O. quadrata (Fabricus) in the Barrier Island, Texas coast, USA (Hull & Hunter, 1973) . Additional measurements on branch angle, branch length 1 and 2 were made on J-shaped burrows, which had a branch at the base. Arm width, depths of primary and secondary arms and secondary arm diameter were measured on Y-shaped burrows. Chamber length and width were measured on Y-shaped, spiral and single tube burrows. (d) J-shaped burrows; (e) J-shaped burrows with a branch at the base; (f) Y-shaped burrow; (g) Spiral burrow and (h) Single tube burrow.
Ocypode ceratophthalma are widely distributed in the Indo-Pacific region. In Hong Kong, O. ceratophthalma is abundant above the high water marks on both dissipative, reflective sandy shores and sheltered sand flats (George, 1982; Fig. 1a) . Adults are nocturnal and stay entirely inside the burrows during the daytime, whilst juveniles come out from burrows regularly to the water front at daytime to renew their respiratory water (Morton & Morton, 1983) . Differences in juvenile and adult behaviour may influence the variation in the burrow architectures, although no studies have focused on this aspect. The present study investigates the burrow architectures of O. ceratophthalma on a dissipative sandy shore in Hong Kong and addresses whether crabs with different size ranges produce burrows with different architecture.
Materials and methods
Studies were conducted at Big Wave Bay, Hong Kong in August 2004 (see Chan & Caley, 2003) . Big Wave Bay is an exposed, dissipative, sandy shore on southern Hong Kong Island and supports a high density of ghost crabs above the strand line (2.5 m above C.D.). Hong Kong is a tropical locale and experiences a strong seasonal climate. Summer (May-September) is hot (34°C mean air temperature) and wet whilst winter (October-April) is cold (15°C mean air temperature) and dry (see Kaehler & Williams, 1996) . The tides in Hong Kong are mixed semi-diurnal and the maximum tidal range is $2.5 m (Morton et al., 1996) .
Burrow architecture
Burrows with different opening diameters were selected haphazardly along the transect. Plaster of Paris (2:1 volume ratio of Plaster of Paris to water) was poured into the burrows until the burrows were totally filled. Crabs emerged from the burrows were collected, sexed and the carapace width and length measured using vernier calipers (±0.1 mm). When the burrow casts had solidified ($1 h), they were dug up for subsequent measurement of burrow dimensions ( Fig. 1d-f ). The volume of the burrows were determined by weighing the burrow cast (±0.1 g) and dividing the weight by the density of the Plaster of Paris (2.2 g cm )3 ).
Vertical temperature gradient in burrows
Variation in sand surface temperature (at 1 mm depth) along the depth of the burrows was measured at 13:00 on a sunny calm day (4/9/2004) with total bright sunshine duration of 6.3 h (Hong Kong Observatory, in situ air temperature measured 36°C). Burrows with different opening sizes were selected haphazardly along the transect. The diameter of the burrow openings was measured using vernier calipers (±0.1 mm) and the sand surface temperature at the burrow opening was measured using a digital thermocouple (±1°C). The temperature of the sand surface along the depth of burrow was measured at every 50 mm depth interval. Measurement could not be conducted for any depth >250 mm because the thermocouple could not pass further into the burrows due to restrictions of the spiral turnings.
Results

Burrow architectures
A total of 58 burrow casts were obtained of which host crab was captured in 32 cases (29 males and 3 females). Four types of burrow architecture were identified; including J-shaped (14 burrow casts; branch and the main body of the burrows was 55.5 ± 40°. The horizontal distance of the burrows was $15 mm (Fig. 2e) .
Y-shaped burrows had a mean opening diameter of 26.6 mm and made by crabs with mean carapace length 17 mm (Figs. 1f and 2e) . The primary and secondary arms joined together into a straight shaft and ended up in a chamber at the base (Fig. 1f) . The burrow openings were on the distal region of the primary arms and inclined down from the surface at $75° (Fig. 2e) . In 90% of the casts collected, the secondary arm did not extend up to the surface and terminated in a spherical blind end (Fig. 1f) . The depth of the primary arm was significantly longer (18.8 ± 4 mm) than the secondary arm (12.9 ± 5; paired t-test, t = 6.35, df = 21, p < 0.05) (Fig. 2) but the diameter of the two arms were similar (paired t-test, t = 1.44, df = 21, p = 0.1). All the primary arms faced the seaward side and vice versa for the secondary arms. The distance between the two arms (arm-width) was 205 ± 91 mm and total depth of burrows was 360 ± 100 mm. The chamber at the base had a length of 90.2 ± 6.6 mm and a width of 33 ± 18 mm (Fig. 2e) .
Spiral burrows had a mean opening diameter of 32.6 mm and created by crabs with mean carapace length 20 mm. The spiral burrows had a spiral, single, channel and ended in a chamber at the basal region (Fig. 1g) . The horizontal distance was $250 mm (Fig. 2e) . The depth of the burrow was 410 ± 100 mm and the chamber length and width was 98 ± 80 mm and 36 ± 15 mm, respectively (Fig. 2e) .
The single tube burrows had the largest mean opening diameter of 46.4 mm and were made by crabs with mean carapace length 32.6 mm (Figs. 1h and 2e) . The burrows consisted of a single tube which inclined down from the surface at $73°a nd the mean depth was 320 ± 52 mm. The horizontal distance of the burrow was $200 mm (Fig. 2e) .
Vertical temperature profile in burrows
Temperature profiles were measured from a total of 54 burrows. The diameter of the burrow openings measured covered crabs with different sizes in the population (Fig. 3) . Burrows were categorized into J-shaped, Y-shaped, spiral and single tube burrows based on the diameter of burrow openings (see Fig. 2e ). The vertical temperature profiles of the burrows in the four types of burrows appeared similar. The sand surface temperature at the burrow opening was $45-48°C and the temperature dropped to $36°C at a depth of 150 mm (Fig. 3) . The temperature at the deepest part of the burrow that could be measured (250 mm) was 32°C, which was $13°C cooler than the surface temperature (Fig. 3) .
Discussion
In Hong Kong, crabs of different sizes in a Ocypode ceratophthalma population created differently shaped burrows. Juvenile crabs had J-shaped burrows, whereas larger crabs created Y-shaped, spiral burrows and single tube burrows.
Juvenile Ocypode ceratophthalma had the shallowest burrows. These juvenile ghost crabs have small gill areas and cannot tolerate prolonged exposure to air without renewing their respiratory water (Chakrabarti, 1981) . As a result, juvenile ghost crabs need to leave their burrows and return to the sea regularly to renew their respiratory water. As a result, these crabs do not stay in their burrows for prolonged period and there is probably no need for a deep or branched burrow (Chakrabarti, 1981) . Temporary crab burrows are often shallow and single tubular structures. Uca pugilator (Bosc), Sesarma longipes (Krauss), Cardisoma carnifex (Herbst) and Macrophalmus parvimanus (Guerin) create burrows for refuges during the high tides and such temporary burrows are single tube burrows (Braithwaite & Talbot, 1972; Christy, 1982) . Juvenile ghost crab burrows for O. ceratophthalma in India (Chakrabarti, 1981) and Taiwan (Takahashi, 1932) and for O. quadrata on Texas coast (Hill & Hunter, 1973) were also J-shaped but were deeper (200-300 mm) as compared with the present study (mean depth 160 mm). The juvenile crab burrows in India, Taiwan and America (Takahashi, 1932; Chakrabarti, 1981) , however, did not have any side branches from the base as found in the present study.
Larger crabs have a bigger gill surface area, which help them to tolerate longer periods exposed to air. These crabs stay entirely in their burrows during daytime and as a result, their burrows were deeper and more complex as compared with the juveniles. In the present study, the endings of the Y-shaped, spiral and single tube burrows did not reach the water table but the sand around the deeper parts the burrows was wet when burrow casts were excavated, suggesting the deeper parts of the burrows provide a moist environment for the crabs to stay during the daytime. During the Hong Kong summer when the solar radiation is intense, the sand surface temperature can reach 48°C, which can be lethal to the sandy shore organisms. In the present study, the temperature of the sand surface dropped along the depths of the burrows and the temperature was reduced up to 12°C at a depth of 250 mm suggesting the burrows can provide the ghost crabs as refuges during the stressful period in summer. Temperature could be even lower when going further down the burrow although measurement cannot be obtained at further depths. Similar to the patterns observed in India and Taiwan, medium sized Ocyode ceratophthalma in Hong Kong had Y-shaped burrows and the depth was similar between the geographic regions (Takahashi, 1932; Braithwaite & Talbot, 1972; Chakrabarti, 1981) . The orientation of the burrows was similar between Hong Kong and India that the primary arms faced towards the seaward side and the secondary arms, landward (Chakrabarti, 1981) . Contrary to the patterns observed by Hayasaki (1935) , the majority of the secondary arms in the present study and in India (Chakrabarti, 1981) did not open at surface. On the Texas coast, the majority of the Y-shaped burrow casts of Ocypode quadrata also did not extend the secondary arm to the surface (Hull & Hunter, 1973) . The function of the secondary arms of the Y-shaped burrows is still unknown (Braithwaite & Talbot, 1972) . Chakrabarti (1981) , however, proposed that the secondary arms may provide the crabs with shelter against water entry from wave splash or predators. In the present study, the Y-shaped burrows ended in a large chamber, which has not been reported in the studies from India, Taiwan and America (Takahashi, 1932; Braithwaite & Talbot, 1972; Hill & Hunter, 1973; Chakrabarti, 1981) . Male Uca pugilator create deep burrows with chambers during the breeding season for mating purposes (Christy, 1982) . The chambers found in the ghost crab burrows are, therefore, believed to provide the crabs with further shelter against predation or for mating purposes. In India and Taiwan, a proportion of the Y-shaped burrows had multiple branches but such a pattern was not recorded in the present study. Chakrabarti (1981) observed that multiple branched, Y-shaped burrows, were more often found on the backshore. In the present study, samplings of the burrows were conducted on the strand line (zone of maximum abundance of O. ceratophthalma) but not at the backshore where far behind the strand line, which may explain the absences of multiple-branch burrows. The functions of the multiple branching of the Y-shaped burrows are also uncertain.
Older crabs had spiral and single tube burrows. In Seychelles and Taiwan, spiral or deep, straight, ghost crab burrows were also recorded with similar depths. Farrow (1971) proposed that female crabs have Y-shaped burrows whilst male have spiral burrows, however, crabs of both sexes were found in both Y-shaped and spiral burrows in the present study. Chakrabarti (1981) also found that the burrow architecture of ghost crabs with different sexes did not differ. In the present study, very few burrow casts from female crabs were collected and studies on the effect of sex on the burrow architecture will be an area deserving further investigations.
Ocypode in Hong Kong create differently shaped burrows during their life span and those burrows may serve different functions. Further studies should involve the use of endoscopes to investigate the functional morphology of different types of burrows created by ghost crabs.
